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Data management and visualization of x-ray diffraction spectra from thin
film ternary composition spreads
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We discuss techniques for managing and visualizing x-ray diffraction spectrum data for thin film
composition spreads which map large fractions of ternary compositional phase diagrams. An
in-house x-ray microdiffractometer is used to obtain spectra from over 500 different compositions
on an individual spread. TheMATLAB software is used to quickly organize the data and create
various plots from which one can quickly grasp different information regarding structural and phase
changes across the composition spreads. Such exercises are valuable in rapidly assessing the
“overall” picture of the structural evolution across phase diagrams before focusing in on specific
composition regions for detailed structural analysis. We have also shown that simple linear
correlation analysis of the x-ray diffraction peak informationsposition, intensity and full width at
half maximumd and physical properties such as magnetization can be used to obtain insight about
the physical properties.© 2005 American Institute of Physics.fDOI: 10.1063/1.1927079g
I. INTRODUCTION
The combinatorial approach to materials has proven to
be effective in uncovering new materials phases with en-
hanced physical properties as well as rapidly mapping
composition-structure-property relationships in complex ma-
terials systems.1–3 In particular, composition spreads experi-
ments are instrumental in mapping compositional phase
diagrams of multicomponent systems.4–7 Mapping phase dia-
grams is central in obtaining comprehensive pictures of ma-
terials systems, and mapping active physical properties such
as magnetism and ferroelectricity as a function of composi-
tion is an integral part of understanding the underlying physi-
cal mechanism of the properties.7–9 The diffusion-multiple
approach has been developed to map phase diagrams using
assembly of three or more bulk metal pieces.10,11 In thin film
composition spreads, large fractions of compositional phase
diagrams can be mapped out with a high density of data
points on an individual wafer. The large number of data
points can truly bring out the strength of the spread tech-
nique because systematic mapping can reveal subtle compo-
sition dependence effects which are otherwise very difficult
to discern from individual sample experiments with sparse
sampling in composition space.7 Thin film materials can of-
ten display properties with deviation from bulk samples, but
it has been shown in many systems that one can indeed ob-
tain compositional trends which closely resemble or mirror
those of bulk counterparts.7,12 There are also instances where
the target application of a specific materials system is a thin
film device. In such cases, using thin film spread samples for
mapping composition dependence is well justified.6
There have been significant advances in the area of rapid
characterization and screening techniques, and there are now
a variety of physical properties that can be mapped for com-
binatorial libraries and composition spreads with relatively
quick turn around.1–3,13 One piece of information of para-
mount importance is the phase and crystal structure distribu-
tion. There are scanning x-ray microdiffraction techniques,
which can be employed to obtain a large number of diffrac-
tograms from combinatorial samples.5,14–18 Synchrotron
x-ray microdiffraction is a natural technique for this task
because the high intensity x-ray beam available can be used
to quickly step through a large number of positions on a
combinatorial library with minimal time to obtain a diffrac-
tion spectrum at each point.14–17 In-house microdiffraction
x-ray units require much longer time to take data per point,
but their advantage is that one can perform the experiments
locally.5,7,18
Obtaining and analyzing x-ray diffractionsXRDd spectra
for phase and structure determination is a central part of any
materials research exercise, and it should play a significant
role in combinatorial materials research as well. Ideally, one
would take and study x-ray spectra of all the positions on
every sample in order to obtain complete mapping of phase
and structural information across the combinatorial samples.
However, despite the availability of the microdiffraction
techniques, there are practical problems one immediately en-
counters in implementing such an exercise. First of all, one
needs to come up with an efficient way to file and store a
large number of x-ray spectra data. The sheer quantity of
data produced by these processes presents a significant logis-
adAuthor to whom correspondence should be addressed; electronic mail:
takeuchi@umd.edu
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tical challenge. A common analysis method for a diffraction
spectrum is to fit the peaks with reflections of known com-
pounds using software such asJADE by Materials Data, Inc.
andTOPAZ by Bruker. Although some software can be auto-
mated to fit a large number of x-ray spectra serially, it is a
very cumbersome process and fitting does not necessarily
produce the “correct answers.” Because the very premise of
the combinatorial experimentation is that there are poten-
tially entirely new phases with previously unknown crystal
structures in the library, any simple fitting procedure using
reflections from known phases is not sufficient. The situation
is further complicated by the fact that in any compositional
phase diagram, there can be multi-phase regions.
Despite such difficulties, XRD analysis remains a most
fundamental method in materials science, and one must find
a way to effectively incorporate it into the overall combina-
torial strategy. In this article, we discuss our methodology
and procedures for data management and visualization of
x-ray microdiffraction spectra of combinatorial samples. The
ultimate goal of such an exercise is to obtain a comprehen-
sive and accurate mapping of phase and structure distribution
across composition spreads of rich and complex materials
systems containing previously unknown materials phases.
Although the techniques described here only represent a first
step toward this goal, we demonstrate that even simple data
visualization and analysis exercises can be effective in ex-
tracting important insight about the properties of materials
systems under study.
II. EXPERIMENT
As a model system, we have looked at the Ni–Al–Mn
ternary system. This system contains Heusler alloys that are
ferromagnetic shape memory alloys.19 We have previously
used a scanning superconducting quantum interference de-
vice sSQUIDd microscope and micromachined arrays of can-
tilevers to map composition regions which are ferromagnetic
and reversible martensites in this system, respectively.20 De-
spite a number of previous phase mapping studies including
ours, much is still unknown about different regions of this
phase diagram. The Heusler alloys are known to display sig-
nificant variation in magnetism and martensite properties de-
pending on the chemical order parameter which in turn
strongly depends on the processing conditions. It is also well
known that many compositions in this system display modu-
lated structures giving rise to extra diffraction peaks.21 The
present work therefore is a part of an ongoing effort to better
understand this ternary system.
Natural thin film composition spreads of the Ni–Mn–Al
system were deposited using an ultrahigh-vacuum three gun
magnetron co-sputtering system with a base pressure of
10−9 Torr s10−7 Pad on 3 in. s76.2 mmd diameters100d ori-
ented Si wafers. The details of the synthesis procedure can
be found in Refs. 7 and 20.
The composition spread wafers were deposited at room
temperature followed by ani situ annealing for 2 h in high
vacuum at temperatures in the range of 853–970 K. The
total processing timesi.e., deposition and heat treatment of
the composition spreadd of a sample is roughly 5–6 h before
it is ready for rapid characterization. After the deposition, the
composition of the wafer spread is immediately determined
via wavelength dispersive spectroscopysWDSd in atomic
percent. This measurement can determine the percent frac-
tion of each atom contained at each point on the wafer accu-
rately. The total scan time for this measurement is,12–14 h
for the entire wafer. Figure 1sad shows a schematic procedure
for the synthesis of a ternary composition spread which cov-
ers most of the phase diagram.
X-ray microdiffraction of the fabricated films was per-
formed using thev-scan mode of aD8 DISCOVERfor combi-
natorial screeningsBruker-AXSd. It is equipped with a
GADDS two-dimensionals2Dd detector which captures the
data for a fixed range of 2u andv at once. Each composition
spread wafer contained 535 individual 1.75 mm31.75 mm
squares with continuously changing compositionsfFig.
1sbdg. In order to scan the 2u range of interests2u from 25 to
75°d, microdiffraction was performed in three frames for
each square. We use an x-ray beam spot size of 500mm in
diameter. We have determined that to collect sufficient data,
it takes at least 5 min for each square per frame. Even
though scanning of the beam is automated, one still needs to
preset the positions of all the squares manually. This process
can take up to roughly 2 h for an entire wafer with 535
squares. Because we can only scan the entire library for the
same frame before moving to the next frame, the entire
spread library must be scanned three times to cover the 2u
range from 20 to 75°. For each x-ray microdiffraction frame,
FIG. 1. sColord Thin film natural composition spreads made using three-gun
co-sputteringsad shows the schematic of the deposition profilesleftd and the
composition region covered on a single experiment mapped on a ternary
phase diagram.sbd A photograph of a 3 in. composition spread wafer. The
spread is patterned into squares using a physical shadow mask placed over
the wafer during the deposition. The lines are a guide to the eye of the
approximate concentration profile.
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the scan takes,45 h s,1.86 daysd. Therefore, to complete
all three frames takes,134 h s,5.57 daysd. Once this is
accomplished, the microdiffraction data are in the form of
2D detector images. The size of data generated by this pro-
cess is on the order of 4 gigabytes for a single spread wafer.
Once the actual scans are completed, the raw data are com-
piled and integrated to obtain the 2u angles and peak inten-
sities using theD8 GADDS program and a script to automate
the process. At this stage, the data are converted to numeric
two column text data in an ASCII format. In this format, data
FIG. 2. sColord Example of an x-ray microdiffraction of a binary composition spread. The composition continuously changes from ZnO to MgO. Composi-
tions up to Mg0.81Zn0.19O are plotted. The phase distribution and evolution are readily identified from such a plot. The inset is a schematic of the binary spread
sRef 5d.
FIG. 3. sColord The Spectrum Scroller visualization scheme. X-ray diffraction spectra from every single spot on the spread wafer are organized in such a way
so that one can scroll through the compositional phase diagram viewing the spectra one by one or in a scrolling manner.fAnimation is available as an EPAPS
movie file ssee Ref. 35d. It is also available at www.combi.umd.edug.
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for each square on the composition spread takes up about
45 kbytes, and the total data volume is,30 MB. This step
takes,7 h. Then the data for each of the three frames for
each composition square are merged using aMATLAB script.
III. DATA VISUALIZATION
We have chosenMATLAB as the primary program for the
organization, storage and analysis of this large quantity of
data because it has the capacity to import data from a variety
of sources, store the data in arbitrarily large data structures,
manipulate that data using a large base of both built-in and
user defined functions, and because it has a powerful set of
graphical rendering tools.
It takes about 1 h to import and consolidate all of the
relevant data intoMATLAB using scripts developed specifi-
cally for this purpose. One script consolidates the XRD data
from about 1500 ASCII filessthree frames for each of 535
compositionsd into numerical matrices within aMATLAB
workspace. Other scripts are used to import composition data
obtained using WDS and quantitative values of other physi-
cal properties measured using various rapid characterization
techniques. There properties may include resistivity, satura-
tion magnetization, and coercive field. Once the data are im-
ported intoMATLAB , one can perform numerical operations
and create graphical representations.
Visual inspection of x-ray spectra is a crucial part of the
materials analysis process. It is often the case that one gets so
accustomed to looking at x-ray spectra of a particular mate-
rials system under study that after a while, just a quick
glance at a spectrum can suffice to provide most of the es-
sential information about the structural properties of the ma-
terial. Thus, it is imperative that we are able to view together
all of the spectra we take. In composition spread experiments
where the composition continuously changes from a known
composition region with a known structure to a new region
of interest, visual inspection and simple comparison of the
spectra can be used to quickly determine evolution in the
composition-structure relationship. This has been well illus-
trated in the binary composition spreads where the composi-
tion changes continuously from one to another.5,22 In binary
systems, three axes are sufficient to render all of the data;
one axis describes the composition, one describes the diffrac-
tion angle and a third describes the diffraction intensity. The
data are then rendered as a surface in that parameter space.
Figure 2 shows XRD data from a MgxZn1−xO composition
spread where the composition changes continuously from
pure ZnO to MgO. Its synthesis procedure is described in
Ref. 5. From such a plot, one can readily discern all the
major features. Careful scrutiny of this plot was instrumental
in identifying a new epitaxial relationship between coexist-
ing cubic and hexagonal phases of MgxZn1−xO.
5
In ternary systems, an additional axis is needed to de-
scribe all of the possible compositions. One immediate solu-
tion is to reduce the amount of information. For instance, one
can create a plot describing the intensity, angular position, or
the full width at half maximum of a limited number of peaks,
each representing a different phase.23,24 This may suffice for
materials systems where there is minimal change in the
structure across the spread and where one can track the struc-
tural change in terms of the shift in one or two main diffrac-
tion peaks. However, this is not the case for complicated
ystems such as Ni–Mn–Al. In addition to the main reflec-
tions, there may be satellite peaks arising from the chemical
ordering as well as modulation in the structure. Thus, it is
desirable to be able to visualize the entire spectrum for the
entire composition spread.
One way to represent this data is as a scalar volumetric
array. In this case, two axessX andYd are used for the com-
position, onesZd is used for the diffraction angle, and the
FIG. 4. sColord The Angle Scroller vi-
sualization scheme. It gives an inten-
sity plot of the x-ray signal for the en-
tire spread. The 2u angle can be
changed or scrolled to monitor the
composition region where a peak ex-
ists. fAnimation is available as an
EPAPS movie filesRef. 35d. It is also
available at www.combi.umd.edug.
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intensity is represented as a scalar at all points in the param-
eter space. Volumetric scalar arrays of data are common in
many other fields, including computed tomographysCTd,
magnetic resonance imaging, and computer modeling using
finite element analysis25–27and much work has been done on
the visualization of these arrays.28–34 However, due to the
nature of the information contained within an XRD spec-
trum, not all of the techniques which have been developed
are useful for our purposes. To date, there are basically three
different techniques used to visualize volumetric data:s1d
looking at planar cross sections of the data,s2d the rendering
of binary surfaces at some threshold valuesisosurfacingd and
s3d treating the data as a solid object with varying transpar-
ency and/or color values at each voxel, then casting parallel
“rays” through it onto some observation plane. The first tech-
nique is useful and will be discussed below. The second tech-
nique is less useful because it does not present allsor even
mostd of the important information that is contained in an
XRD spectrum. The information that is valuable about an
XRD peak is its intensity, diffraction angle and full width at
half maximum. Rendering an isosurface at some intensity
value throws away all of the information about how the in-
tensity changes as a function of diffraction angle and com-
position sexcept that it is higher on one side of the surface
than the otherd. This means that it disregards information
about the maximum intensity of XRD peaks and the full
width at half maximum of these peaks. The third technique
may be useful, and may be pursued in the future. In the
following paragraphs, we will discuss our adaptations of
these techniques to the rendering of volumetric XRD data
The first scheme, the Spectrum Scroller, allows a user to
rapidly view hundreds of XRD spectra and the correspond-
ing compositions in a matter of minutes. The ordering of the
spectrums is such that the composition changes only slightly
from spectrum to spectrum. This allows the user to see trends
in the change of the spectrum as a function of composition.
The user interface for this technique is shown in Fig. 3. The
graph at the top shows the XRD spectrum. The graph at
bottom left shows where the composition for this spectrum is
located on the ternary composition diagram. All of the points
for which spectra have been obtained are shown in red and
the composition for the displayed spectrum is circled in blue.
The program can be operated to “scroll” through all of the
compositions in a predetermined order. As the program
scrolls, the spectrum continuously changes to reflect the
structure of the compositon indicated by the graph on the
bottom left.sA movie animation illustrating the utility of this
scheme is available as supplementary information. It is also
available at www.combi.umd.edu.d Because the Spectrum
Scroller allows one to look at individual spectra in the stan-
dard format, it is helpful when one needs to quickly grasp an
idea about the distribution of peak patterns across the phase
diagram. The act of scrolling enables one to track the evolu-
tion in the spectrum as a function of composition. For in-
stance, from this exercise, we were able to quickly identify
the regions in the phase diagram where thes220d peak of the
austenite phase near 44° splits into the peaks of the lower
symmetry martensite phase due to the martensitic transition
of the shape memory alloy.
The second visualization technique, the Angle Scroller,
allows a user to look at the intensity data for all of the spec-
tra simultaneously, but it looks at only one angle at a time.
The angles are scrolled through in time to get a full picture
of the data. The user interface for this technique is shown in
Fig. 4. This technique is useful for two main features:s1d it
allows one to see in a single image the composition range
FIG. 5. sColord The Peak Plotter visualization scheme. This scheme displays
the positions of all the diffraction peaks for every point on the composition
spread in a 3D spacesad. The intensity information can be added in the form
of color sbd. fPerspective rotation greatly facilitates the visualization: ani-
mation is available as an EPAPS movie filess e Ref. 35d. It is also available
at www.combi.umd.edug.
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over which a particular peak “exists” at a particular angle
ands2d it allows the user to track the shift in the position of
the peaksas a function of angled in the composition space.
The utility of this visualization scheme is illustrated in an
animation where the composition region with high diffrac-
tion intensity is seen to change continuously as a function of
anglesthrough timed. sThe animation is available as supple-
mentary information. It is also available at www.combi.um-
d.edud. We found this scheme to be useful in rapidly assess-
ing the size of the composition region with the same
structure as well as for closely monitoring how a particular
peak shifts its position in angle as the composition changes.
It is worth noting that this method is identical to that of
viewing planar cross sections of CT data. In CT, it is often
useful to look at cross sections in other planar directions.
However, when looking at XRD data of ternary composi-
tions, we are mostly interested in how the diffraction inten-
sity changes with respect to composition. The only planes in
which the variation of the data is due to changing composi-
tion are those that are either at a constant diffraction angle, or
those which are parallel to the diffraction angle axis. In this
model, we have chosen to use the planes describing a single
anglesand all compositionsd because it allows us to look at
the variation of data over the entire composition region. If a
plane parallel to the diffraction angle axis were to be chosen,
then that data would represent a binarystwo compositiond
spread and could best be visualized using the binary visual-
ization technique already discussed.
Both of the preceding schemes have required the use of
time as an extra dimension in the visualization of ternary
XRD data. The next scheme makes use of three-dimensional
s3Dd rendering in order to show all the XRD peaks for all
compositions simultaneously. This is the Peak Plotter, and it
is shown in Fig. 5. In order to create this plot, it is necessary
to separately record the positions and the intensity of all the
peaks for each composition.
Two techniques have been developed to perform this
task. In the first technique, we use a peak search program
swritten in Igord, which takes a spectrum and creates a list of
peaks with their positions and the intensity. This process can
be automated and applied to an arbitrary large number of
spectra to create a table containing all the peaks. The prob-
lem with this technique is that the automated peak search
often fails to find small peaks, properly separate adjacent
peaks, and/or correctly index the same peak appearing in
different spectra as the same peak. It is particularly difficult
to handle a situation where a peak evolves into twin peaks as
the composition is changed. Since part of our inquiry is to
find reversible structural transitions, the problem of not being
able to discern divergent peaks is particularly problematic.
As an alternative to the automated peak search approach,
a more reliable, semiautomated/semimanual method has
been developed. In this approach, a person sifts through all
the spectra to record the positions and the intensity of each
XRD peak maximum. If done entirely by hand, this would
require a significant amount of work. For example, in the
Ni–Mn–Al system, there may be as many as 18 peaks in the
2u range of 25–75° for each composition sampled. Gener-
ally, from the 535 spectra, the positions and the intensity of
about 3500 peaks are recorded. To reduce the difficulty of the
recording task, a program similar to the Spectrum Scroller
described above is used. By using this program, the record-
ing and organization of the position and the intensity of the
peaks are reduced to a point and click process, instead of
being carried out entirely by hand. The task of going through
535 spectra and picking out the 3500 peaks takes about 3 h.
Once that is complete, it is possible to make a plot such as
shown in Fig. 5. However, if a plot of, say, only the angular
position of the peak corresponding to the main phase is de-
sired, then another sorting step is required. The peaks for
each spectrum must be indexed such that “the same” peak
can be picked out in all of the spectra where it exists. This is
accomplished by fitting a surfacesusually a planed between
each group of points in Fig. 5. Peaks are then sorted and
indexed by assigning a peak number according to which
planes they fall between.
In the Peak Plotter scheme, the presence of a peak at a
particular 2u angle and at a particular composition is signi-
fied by a point in the 3D spacefFig. 5sadg. The color of the
point can be chosen to represent either the intensity or the
full width at half maximum. However, given the fact that
there are potentially a large number of peaks which are yet to
FIG. 6. sColord sad Mapping of remanent magnetization value calculated from scanning SQUID microscopy data.sb M pping of the shift in the x-ray peak
position near,45°. With respect to the strongly magnetic region in the Al-rich region, the two plots have strong anti-correlation.
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be identified reflections from yet to be identified phases,
comparing absolute intensity or full width at half maximum
is not necessarily useful. In fact, we have found that just
marking the peak position is effective in conveying the
breadth of structural variation across the phase diagram.
Once one decides to zoom into a particular 2u range, the
intensity information can be addedfFig. 5sbdg. In such a plot,
shifts in the position and the intensity of selected peaks can
be mapped across the entire spread. Since this is plotted in a
3D environment, it is best to see it from multiple perspec-
tives. An animation of a rotating perspective is available as
supplementary information. It is also available at www.com-
bi.umd.edu.
The shifts in the peak position and the intensity are often
directly correlated with change in the physical properties.
Thus, one can use the information in the table of all the peak
positions and intensity compiled for this scheme to look for
correlation between the structural change and physical prop-
erties. One way to find these correlations is to calculate the
correlation coefficients between all the columns in the table
together with added columns for the values of some physical
properties. Correlation coefficients which are near 1 indicate
high linear correlation and those near −1 indicate that two
parameters are linearly anti-correlated. Linear anti-
correlation means that when one parameter has high values
relative to its average, the other parameter has low values
relative to its average.
Figure 6sad shows the in-plane remanent magnetization
mapping of the Ni–Mn–Al system. There is a large ferro-
magnetic region near the Ni deficient Mn–Al region of the
phase diagram which had not been previously reported.
Mn–Al and some Mn–Al–Ni are known as ferromagnets, but
to the best of our knowledge, there have not been reports of
ferromagnetism in the composition region with such high Al
concentration. We have calculated the correlation coefficients
between the remanent magnetization and all of the XRD
peak information and found that there is a strong anti-
correlation between the magnetization and the angular posi-
tion of the peak which is centered at around 44.5°. This peak
is the s220d or similar reflections of the main phase present
throughout the phase diagram. The shift in this peak position
is mapped in Fig. 6sbd. The comparison of the figures indi-
cates that magnetization increases when the lattice parameter
increasessthe peak shifts toward a lower angled. Mn has a
magnetic exchange integral which changes its sign from
negativesantiferromagneticd to positive sferromagneticd or-
dering as the distance between the atoms is increased. From
the correlation, therefore, we conclude that even in such an
Al-rich region, it is the Mn atoms in the crystal that are
giving rise to the ferromagnetism. Thus, we have demon-
strated the utility of the XRD analysis for the entire compo-
sition spread in obtaining an important insight about the
physical property of the material system. Note that this was
carried outwithout in-depth structural analysis involving fit-
ting of the spectra and figuring out the exact crystal structure.
In the future, full width at half maximum information for all
the XRD peaks can also be included for such analyses.
It is possible to investigate the structure property relation
in a broader context. Correlation between structure informa-
tion and a variety of physical properties can be investigated
using the visualization techniques discussed here. Some of
the properties of interest which we can map in a high
throughput manner include band gap, conductivity, dielectric
constant, martensitic transformation temperature, saturation
magnetization and coercive field. All of this information is
then mapped out to produce a complete phase diagram.
ACKNOWLEDGMENTS
This work was supported by ONR N000140110761 and
N00140410085, NSF DMR 0231291, and MRSEC DMR-
00-80008.
1H. Koinuma and I. Takeuchi, Nat. Mater.3, 429 s2004d.
2Combinatorial Materials Syntheses, edited by Ichiro Takeuchi and Xiao-
Dong XiangsDekker, New York, 2003d sISBN: 0-8247-4119-6d.
3I. Takeuchi, R. B. van Dover, and H. Koinuma, MRS Bull.27, 301
s2002d.
4T. Fukumura, M. Ohtani, M. Kawasaki, Y. Okimoto, T. Kageyama, T.
Koida, T. Hasegawa, Y. Tokura, and H. Koninuma, Appl. Phys. Lett.77,
3426 s2000d.
5I. Takeuchi, W. Yang, K.-S. Chang, M. Aronova, R. D. Vispute, T. Ven-
katesan, and L. A. Bendersky, J. Appl. Phys.94, 7336s2003d.
6R. B. van Dover, L. F. Schneemeyer, and R. M. Fleming, NaturesLondond
392, 162 s1998d.
7I. Takeuchiet al., Nat. Mater. 2, 180 s2003d.
8S.-W. Cheong and H. Y. Hwang,Ferromagnetism vs. Charge/Orbital Or-
dering in Mixed-Valent Manganites: Colossal Magneto-Resistive Oxides,
edited by Y. TokurasGordon and Breach, Amsterdam, 2000d, p. 237.
9A. Damascelli, Z. Hussain, and Z.-X. Shen, Rev. Mod. Phys.75, 473
s2003d.
10J. C. Zhang, Adv. Eng. Mater.3, 143 s2001d.
11J. C. Zhang, J. Mater. Res.16, 1565s2001d.
12M. J. Turchinskaya, L. A. Bendersky, A. J. Shapiro, K. S. Chang, I.
Takeuchi, and A. L. Roytburd, J. Mater. Res.19, 2546s2004d.
13Special issue of Meas. Sci. Technol. on Combinatorial Materials Science,
16 s2005d.
14E. D. Issacs, M. Marcus, G. Aeppli, X.-D. Xiang, X.-D. Sun, P. G.
Schultz, H.-K. Kao, G. S. Cargill, and R. Haushalter, Appl. Phys. Lett.73,
1820 s1998d.
15Y. K. Yoo, T. Ohnishi, G. Wang, F. W. Duewer, X.-D. Xiang, Y.-S. Chu,
D. D. Mancini, Y.-Q. Li, and R. C. O’Handley, Intermetallics9, 541
s2001d.
16Y. S. Chu, A. Tkachuk, S. Vogt, P. Illinski, D. A. Walko, D. C. Mancini, E.
M. Dufresne, L. He, and F. Tsui, Appl. Surf. Sci.223, 175 s2004d.
17E. D. Specht, A. Rah, G. M. Pharr, E. P. George, P. Zschack, H. Hong, and
J. Ilavsky, J. Mater. Res.18, 2522s2003d.
18M. Ohtaniet al., Appl. Phys. Lett.79, 3594s2001d.
19R. Kaimuna, H. Nakano, and K. Ishida, Metall. Mater. Trans. A27A,
4153 s1996d.
20O. O. Famodu, J. Hattrick-Simpers, M. Aronova, K.-S. Chang, M. Mu-
rakami, M. Wuttig, T. Okazaki, Y. Furuya, and I. Takeuchi, Mater. Trans.,
JIM 45, 173 s2004d.
21M. Kohl, V. A. Chernenko, M. Ohtsuka, H. Reuter, and T. Takagi, Pro-
ceedings of the MRS Fall 2005 Symposia, Boston, MA, 29 November - 3
December 2004.
22K. S. Chang, M. Aronova, O. Famodu, I. Takeuchi, S. E. Lofland, J.
Hattrick-Simpers, and H. Chang, Appl. Phys. Lett.79, 4411s2001d.
23X.-D. Xiang, Appl. Surf. Sci.223, 54 s2003d.
24K. Hasegawa, P. Ahmet, N. Okazaki, T. Hasegawa, K. Fujimoto, M. Wa-
tanabe, T. Chikyow, and H. Koinuma, Appl. Surf. Sci.223, 229 s2003d.
25B. Cabral, N. Cam, and J. Foran, Proceedings of the 1994 Symposium on
Volume Visualization, Tysons Corner, VA, 17-18 October 1994, pp. 91–
98.
26H. Fuchs, M. Levoy, and S. M. Pizer, Computer22, 46 s1989d.
27R. S. Gallagher, Proceedings of the Second Conference on Visualization,
San Diego, CA, 22-25 October 1991, pp. 68-75.
28T. T. Elvins, ACM SIGGRAPH Comput. Graph.26, 194 s1992d.
29G. T. Herman and H. K. Liu, Comput. Graph. Image Process.9, 1 s1979d.
062223-7 Data management and visualization Rev. Sci. Instrum. 76, 062223 ~2005!
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP:
129.252.69.176 On: Fri, 20 Mar 2015 18:54:39
30M. Levoy, IEEE Comput. Graphics Appl.8, 29 s1988d.
31R. A. Drebin, L. Carpenter, and P. Hanrahan, ACM SIGGRAPH Comput.
Graph. 22, 65 s1988d.
32W. E. Lorensen and H. E. Cline, ACM SIGGRAPH Comput. Graph.,21,
163 s1987d.
33L. Westover, ACM SIGGRAPH Comput. Graph.24, 367 s1990d.
34H. Fuchs, Z. M. Kedem, and S. P. Uselton, Commun. ACM20, 693
s1977d.
35See EPAPS Document No. ERSINAK-76-257506 for animation of the
figures as movie files. This document can be reached through a direct link
in the online article’s HTML reference section or via the EPAPS homep-
ageshttp://www.aip.org/pubservs/epaps.htmld.
062223-8 Takeuchi et al. Rev. Sci. Instrum. 76, 062223 ~2005!
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP:
129.252.69.176 On: Fri, 20 Mar 2015 18:54:39
